Epstein-Barr virus (EBV) is a ubiquitous human g-herpesvirus that infects over 90% of the global population. EBV is considered a contributory factor in a variety of malignancies including nasopharyngeal carcinoma, gastric carcinoma, Burkitt lymphoma, and Hodgkin's lymphoma. Notably, EBV was the first virus found to encode microRNAs (miRNAs). Increasing evidence indicates that EBV-encoded miRNAs contribute to the carcinogenesis and development of EBV-associated malignancies. EBV miRNAs have been shown to inhibit the expression of genes involved in cell proliferation, apoptosis, invasion, and immune signaling pathways. Therefore, EBV miRNAs perform a significant function in the complex host-virus interaction and EBV-driven carcinogenesis. However, the integrated mechanisms underlying the roles of EBV miRNAs in carcinogenesis remain to be further explored. In this review, we describe recent advances regarding the involvement of EBV miRNAs in the pathogenesis of EBV-associated malignancies and discuss their potential utility as cancer biomarkers. An in-depth investigation into the pro-carcinogenic role of EBV miRNAs will expand our knowledge of the biological processes associated with virus-driven tumors and contribute to the development of novel therapeutic strategies for the treatment of EBV-associated malignancies.
Epstein-Barr virus (EBV), also called human herpesvirus 4 (HHV-4), is a ubiquitous member of the human herpesvirus family and infects over 90% of the global population. 1 EBV was the first human tumor virus, and its infection is an etiologic factor in various epithelial and lymphoid malignancies, such as nasopharyngeal carcinoma (NPC), gastric carcinoma (GC), Burkitt lymphoma (BL), and Hodgkin's lymphoma (HL). [2] [3] [4] Despite its tight association with a variety of malignancies, primary EBV infection commonly causes no or slight symptoms in most lifelong carriers. 5, 6 In infected cells, EBV can establish two alternative modes of infections known as latent or lytic. 7 Upon primary infection, EBV transiently undergoes a short lytic program in the epithelial cells of the oropharynx and salivary glands, and subsequently establishes lifelong latent infection in memory B cells. 8, 9 During latency, EBV expresses a limited number of viral latent genes, which is advantageous for its long-term persistence in infected cells. 10 Infected B cells would switch from latency into the lytic stage upon stimulation. 11 During the lytic stage, a repertoire of over 80 viral genes is expressed, accompanied by viral DNA replication, resulting in the production of progeny viruses. 12 Both EBV latent and lytic infections have been shown to contribute to the carcinogenesis and development of EBV-associated tumors. [13] [14] [15] [16] [17] MicroRNAs (miRNAs) are endogenous small non-coding RNAs (ncRNAs) that exert a powerful effect on gene regulation through inducing mRNA degradation or translational inhibition. 18, 19 Accumulating evidence demonstrates that miRNAs are engaged in diverse physiological and pathological processes, including development, metabolism, and cancer. [20] [21] [22] More importantly, miRNAs function as crucial players in the onset and progression of cancer. [23] [24] [25] Intriguingly, EBV was the first virus in which viral miRNAs were detected. 26 EBV can encode 44 mature miRNAs from 25 miRNA precursors. 27 A growing body of evidence underlines the regulatory roles of EBVencoded miRNAs in the carcinogenesis and progression of EBVassociated malignancies. 28, 29 EBV miRNAs are capable of interfering with a wide range of biological processes, such as cell proliferation, apoptosis, transformation, and invasion. Moreover, EBV miRNAs can directly target immune-related genes and thus enable infected cells to evade immune destruction. In this review, we summarize the current understanding of the functional roles of EBV-encoded miRNAs in the pathogenesis of human malignancies. Increasing understanding of the involvement of EBV miRNAs in cancer progression may accelerate our efforts to comprehensively reveal the molecular mechanisms underlying EBV-induced carcinogenesis and propel the development of novel therapeutic measures for EBV-associated malignancies. genes is expressed, and progeny viruses are produced. 31 The lytic cycle allows the dissemination of virions among host cells. During the course of latency, EBV expresses a limited quantity of viral genes essential for the maintenance of its genome. 32 Because only a few viral proteins that can be targeted by the host immune system are produced, the latent infection of EBV facilitates its survive and pathogenesis. 33 According to the expression of latent genes, EBV latency can be categorized into four different types. 5 Latency 0 is found only in healthy carriers, in which no viral proteins are generated or low levels of EBV nuclear antigen 1 (EBNA1) and latent membrane protein 2A (LMP2A) can be detected in B lymphocytes. 34 BL generally presents a latency I type, in which only EBNA1 is expressed. 35 In latency II, three LMPs (LMP1, LMP2A, and LMP2B) are expressed in addition to EBNA1. 36 Moreover, latency II is tightly associated with NPC, HL, and natural killer (NK)/T cell lymphoma. Latency III is characterized by expression of all nuclear proteins (EBNA1, 2, 3A, 3B, 3C, and -LP), the three LMPs, and viral ncRNAs. 37 Latency III is the least restrictive latency type and is commonly found in immunodeficiency-associated lymphoma, such as post-transplant lymphoproliferative disorder (PTLD) and AIDS-related lymphoma.
EBV-Encoded miRNAs
miRNAs are a highly conserved group of small ncRNAs, which are 21-25 nt in length. 38 miRNAs can be derived from exons of noncoding genes, introns of coding and non-coding genes, and the intragenic regions. 39 The canonical miRNA biogenesis pathway involves two processing steps that have been extensively defined in previous studies. [40] [41] [42] In brief, the miRNA genes are transcribed to generate long primary miRNA (pri-miRNA) molecules by RNA polymerase II (Pol II) or Pol III. 43, 44 The nascent pri-miRNAs are first processed into 70-nt precursor miRNAs (pre-miRNAs) by a microprocessor complex consisting of Drosha and DiGeorge syndrome critical region 8 (DGCR8) in the nucleus. Pre-miRNAs, characterized by hairpin structures, are then exported to the cytoplasm by exportin-5, where they are further processed by Dicer to yield mature miRNA duplexes (21-25 nt). 45 One strand of the duplex is preferentially incorporated into the RNA-induced silencing complex (RISC) containing Argonaute (Ago), and is guided to target mRNAs. 46 miRNAs mainly recognize complementary sequences in the 3 0 UTRs of their target mRNAs. 47 The interaction between miRNAs and mRNAs causes mRNA degradation or translation suppression, contributing to altered gene expression. miRNAs play a significant role in various biological processes including proliferation, apoptosis, and differentiation. 48 They are also implicated in the occurrence and progression of cancer. 49, 50 So far, the function and mechanisms of miRNAs in cancer pathogenesis have been disclosed. Based on their abundance and target genes, miRNAs are mainly divided into two categories: oncogenic and tumor-suppressive miRNAs. 51 EBV is the first virus in which miRNAs are discovered. 26 EBV encodes 44 miRNAs that are transcribed from two regions: BamHI-A region rightward transcript (BART) and BamHI fragment H rightward open reading frame 1 (BHRF1) clusters. 52 BART transcript encodes 22 miRNA precursors (miR-BART1-22) with 40 mature miRNAs, whereas BHRF1 transcript expresses three miRNA precursors (miR-BHRF1-1, -2, and -3) producing four mature miRNAs. 27 Intriguingly, EBV miRNAs are differentially expressed in an infection stage-dependent manner. The expression of BART miRNAs takes place in all types of latency and is more restricted to the latency types I and II. 53 In contrast, BHRF1 miRNAs are abundantly expressed in type III latency and lytically infected cells, such as B lymphoma cells, but are nearly undetectable in cells under the latency types I and II. [54] [55] [56] The expression difference between BART and BHRF1 miRNAs is attributed to distinct promoters responsible for their transcription.
Likewise, EBV miRNAs are differentially expressed in different types of cancer. Several studies were previously conducted to profile the expression of EBV-encoded miRNAs in cancer. miR-BART7, miR-BART9, miR-BART14*, miR-BART17-3p, and miR-BART22 were found to be the most abundant viral miRNAs in NPC samples. 57 Zhu et al. 58 revealed that miR-BART1, miR-BART4, miR-BART6, miR-BART7, and miR-BART11 were abundantly expressed in NPC. High levels of miR-BART3-3p, miR-BART4-5p, miR-BART5-5p, miR-BART7-3p, and miR-BART9-3p were detected in NPC samples. 59 Microarray-based viral miRNA profile in NPC demonstrated that miR-BART1-3p, miR-BART3, miR-BART5, miR-BART7, and miR-BART8* showed high abundance. 60 Moreover, EBV miRNAs accounted for approximately 19% of total miRNAs in one NPC sample. Another study also reported the expression profile of EBV miRNAs in NPC. 61 A total of nine BART miRNAs (miR-BART1-5p, 3, 4, 5, 6-3p, 7, 8, 10, and 18-3p) were identified to be upregulated. Notably, all of these studies verified a significant upregulation of miR-BART7 in EBV-positive NPC, suggesting that miR-BART7 might play an important role in the carcinogenesis and progression of NPC. EBV miRNAs were demonstrated to account for about 15% of total miRNAs in EBV-infected AGS GC cell lines. 62 The most abundant viral miRNAs in AGS cells were miR-BART6-3p, miR-BART7-5p, miR-BART8-5p, miR-BART10-3p, and miR-BART22. Expression of EBV miRNAs in EBV-associated GC (EBVaGC) samples and cell lines was further profiled by deep sequencing. 63 miR-BART1-3p, miR-BART5-5p, miR-BART7-3p, miR-BART9-3p, and miR-BART10-3p had high abundance. Tsai et al. 64 found that miR-BART2-5p, miR-BART4-5p, miR-BART6-3p, miR-BART9-3p, and miR-BART1s1-3p were the most abundant in EBVaGC samples and cell lines. Collectively, BART miRNAs account for a large proportion of total viral miRNAs in EBV-positive epithelial tumors, suggesting that BART miRNAs may be associated with the development of epithelial malignancies.
In EBV-positive diffuse large B cell lymphoma (DLBCL) samples, all BART miRNAs were detected with the exception of miR-BART15 and miR-BART22. 65 Remarkably, miR-BART7, miR-BART10, miR-BART11-5p, miR-BART16, and miR-BART22 were the most abundantly expressed miRNAs. The most highly expressed viral miR-NAs in NK/T cell lymphoma included miR-BART1-5p, miR-BART5, miR-BART7, miR-BART11-5p, and miR-BART19-3p. 66 In endemic BL, miR-BART6-3p, miR-BART7, miR-BART10, miR-BART11-3p, and miR-BART17-5p were the most abundant EBV miRNAs. 67 It seems that miR-BART7 and miR-BART11 act as vital participants in the pathogenesis of EBV-associated lymphoma. However, BHRF1 miRNAs were not found in all these types of lymphoma but could be detected in PTLD and AIDS-related DLBCL. 68, 69 The deregulation of EBV miRNAs might contribute to viral infection and pathogenesis. It has been reported that the strain and type of EBV, and the background of infected cells may affect the expression level of viral miRNAs. 70, 71 The transcription factors in infected cells can also modulate EBV miRNA expression. For instance, the nuclear factor-kB (NF-kB) signaling was able to upregulate the expression of BART miRNAs in NPC. 72 Nevertheless, further studies are required to disclose the regulatory mechanisms of EBV miRNA expression. Furthermore, the association between aberrantly expressed viral miRNAs and EBV-associated malignancies remains to be systemically explored.
The Role of EBV miRNAs in Cancer Pathogenesis
EBV is a well-recognized carcinogen that is directly implicated in the etiology of human epithelial and lymphoid malignancies. 73, 74 It is believed that EBV miRNAs perform a crucial role in the pathobiology of EBV-associated malignancies. 75 In terms of mechanism, EBV miRNAs are able to modulate various cellular pathways such as cell proliferation, apoptosis, invasion, metastasis, and immune signaling by targeting cellular or viral mRNAs.
EBV miRNAs Control Cancer Cell Growth
EBV miRNAs are able to regulate cell proliferation or apoptosis, contributing to the carcinogenesis of EBV-associated malignancies. The previous report indicated that BART miRNAs could potentiate the seeding and growth of EBVaGC in vivo. 76 Deregulated BART miRNAs were implicated in NPC tumorigenesis by interfering with signaling pathways associated with proliferation, apoptosis, invasion, and metastasis. 77 Upregulated BART miRNAs (e.g., miR-BART3 and miR-BART5) were predicted to target genes involved in the p53, transforming growth factor-b (TGF-b), and Wnt signaling pathways, thus modulating NPC apoptosis and transformation. 61 miR-BART7 could enhance the proliferation of NPC cells by affecting oncogenic pathways including the TGF signaling pathway. 78 Collectively, these studies underlined the vital role of BART miRNAs in the tumorigenesis of EBV-associated epithelial malignancies. The contributions of EBV miRNAs to lymphomagenesis have also been investigated. Aberrantly expressed BART miRNAs in infected B cells could regulate genes associated with cell-cycle control, apoptosis, and the Wnt signaling. 79 Specifically, most of the viral miRNAs co-targeted mRNAs with host miRNAs, such as oncogenic miRNAs (the miR-1792 cluster) and immunoregulatory miRNAs (miR-142-3p and miR-155). The viral miRNA targetome was identified in EBVinfected lymphoblastoid cell lines (LCLs). 80 The results demonstrated that EBV miRNAs participated in various cellular processes that were directly associated with innate immunity, cell proliferation, and survival. The comprehensive survey of viral miRNA targetome would provide novel opportunities to discover effective therapeutic targets for EBV-associated malignancies.
One of the mechanisms underlying the oncogenic capability of EBV miRNAs involves the regulation of tumor suppressors. For instance, miR-BART10 could inhibit the expression of b-transducin repeatcontaining E3 ubiquitin protein ligase (b-TrCP). 81 The downregulation of b-TrCP by miR-BART10 might lead to reduced degradation of its substrates, including Snail and b-catenin, thus contributing to NPC development. 82 miR-BART7-3p, a highly expressed miRNA in NPC, could promote tumor growth. 83 In terms of mechanism, miR-BART7-3p stimulated the phosphatase and tensin homolog (PTEN)/phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) pathway and induced the expression of oncogenic transcription factors c-Myc and c-Jun. miR-BART3* promoted the growth and transformation of NPC by downregulating the tumor suppressor deleted in cancer 1 (DICE1). 84 miR-BART19-3p was shown to reduce the expression of Wnt inhibitory factor 1 (WIF1) and two tumor suppressors, Nemo-like kinase (NLK) and adenomatous polyposis coli (APC). 85 Resultantly, miR-BART19-3p promoted GC cell proliferation. Both miR-BART6-3p and miR-142 decreased the expression of interleukin-6 receptor (IL-6R) and PTEN, thus promoting the proliferation of EBV-positive BL cells. 86 Another study also verified that miR-BART6-3p could target IL-6R and PTEN in BL cells, thereby affecting their respective downstream pathways such as NF-kB and PI3K/Akt signalings. 87 Thus, miR-BART-6-3p might serve as a novel therapeutic target for the treatment of EBV-positive BL. PR domain zinc-finger protein 1 (PRDM1/Blimp1), a master regulator of B cell terminal differentiation, worked as a tumor suppressor. 88, 89 miR-BHRF1-2 promoted cell-cycle progression and inhibited cell apoptosis in LCL cells by downregulating PRDM1. 90 Alternatively, EBV BART miRNAs are able to target a variety of pro-apoptotic genes to promote tumor cell survival (Figure 1 ). miR-BART4-5p reduced GC cell apoptosis by inhibiting the expression of the pro-apoptotic protein BH3-interacting domain death agonist (BID). 63 miR-BART16 interacted with the translocase of outer mitochondrial membrane 22 (TOMM22), leading to dissociation of the B cell lymphoma 2 (Bcl-2)-associated X protein (BAX) from mitochondria. 91, 92 As a result, miR-BART16 functioned to inhibit BAX-induced apoptosis. miR-BART20-5p inhibited GC cell apoptosis by directly targeting Bcl-2-associated death promoter (BAD). 93 Another study also uncovered the anti-apoptotic function of miR-BART20-5p in EBVaGC. 94 Multiple BART miRNAs, such as miR-BART1, miR-BART3, miR-BART9, miR-BART11, and miR-BART12, could downregulate the Bcl-2-interacting mediator of cell death (BIM) in GC cells. 95 EBV takes advantage of various mechanisms to downregulate BIM. It is proposed that inhibition of BIM-induced apoptosis is pivotal for viral persistence in cancer cells. miR-BART5 was upregulated in NPC and EBVaGC cells, and suppressed cancer cell apoptosis by negatively regulating the expression of p53 upregulated modulator of apoptosis (PUMA). 96 miR-BART1, miR-BART2, miR-BART3, miR-BART4, miR-BART7, miR-BART8, and miR-BART22 were found to significantly repress the expression of the central executioner of apoptosis, caspase-3. 97 Altogether, EBV miRNAs widely interfere with the apoptotic pathway in cancer cells.
However, EBV miRNAs can inhibit tumor cell growth by controlling anti-apoptotic proteins. For instance, miR-BART15-3p repressed GC cell proliferation and promoted apoptosis by descending the protein level of the BIR repeat-containing ubiquitin-conjugating enzyme (BRUCE). 98 miR-BART15-3p also downregulated anti-apoptotic Tax1-binding protein 1 (TAX1BP1) in GC cells, leading to increased cell apoptosis. 99 Because caspase-mediated cleavage of viral proteins favors viral replication and spreading, 100 miR-BART15-3p might promote EBV lytic replication or release of progeny viruses by inducing cell apoptosis. EBV miRNAs may possess multifaceted functions in cell apoptosis. The functional roles of EBV miRNAs in cell apoptosis need more systematic survey. Moreover, the effects of EBV miRNA-regulated cell apoptosis on viral infection and carcinogenesis deserve deep investigation.
In addition, EBV miRNAs alter the expression of their own genes to control cancer cell proliferation. For instance, miR-BART9 promoted the proliferation of nasal NK/T cell lymphoma (NNKTL) cells by upregulating the oncogenic LMP1. 101 EBV-encoded BHRF1 was a Bcl-2-related protein and prevented cell apoptosis partially by interacting with BIM. 102 miR-BART10-3p could directly target BHRF1. 79 Paradoxically, miR-BART10-3p suppressed BL cell apoptosis, which might be attributed to its inhibitory effect on apoptosis-associated proteins. Recently, EBV miRNAs have been found to be involved in the establishment of a favorable microenvironment for cancer growth. EBV infection and chronic inflammation were tightly linked with the progression of NPC and GC. 103 miR-BART11 could directly target forkhead box P1 (FOXP1) to promote monocyte differentiation into macrophage. 104 Accordingly, miR-BART11 enhanced the inflammatory response in NPC and GC, leading to accelerated proliferation of tumor cells. This study revealed a new EBV-dependent mechanism underlying the carcinogenesis of NPC and GC.
Collectively, EBV miRNAs are capable of modulating tumor cell proliferation through diverse mechanisms, such as silencing tumor suppressor genes, regulating cell apoptosis, controlling the function of viral oncogenic proteins, and establishing a tumor-promoting milieu. Based on the above studies, it can be concluded that EBV miRNAs can target multiple genes that are involved in a wide range of cellular pathways. Therefore, EBV miRNAs and their target genes constitute complicated regulatory networks during cancer progression. The profound impact of EBV miRNA-target gene-regulatory networks on the growth of EBV-driven malignancies is worthy of further investigation. An in-depth understanding of the effects of EBV miRNAs on cancer cell proliferation may provide insights into novel therapeutic strategies for EBV-associated malignancies.
EBV miRNAs Are Involved in Cell Transformation and Malignancy
Malignant transformation is a complex process by which normal cells convert into cancerous cells. 105 Aberrant cell growth and immortalization are pivotal landmarks of malignant transformation and common characteristics of cancer cells. EBV infects human primary B cells and efficiently transforms them into actively proliferating, immortal LCLs. 106 EBV BHRF1 miRNAs promoted cell-cycle progression and prevented apoptosis in B cells during the early infection phase. 107 Feederle et al. 108 found that B cells exposed to EBV mutant that lacked the BHRF1 miRNA cluster displayed reduced transforming capacity. The three BHRF1 miRNAs (miR-BHRF1-1, -2, and -3) were synergistically involved in EBV-induced B cell transformation. 109 Mechanistically, BHRF1 miRNAs promoted B cell expansion by lowering the expression of latent genes, hence facilitating viral persistence in infected cells. 108 Bernhardt et al. 110 confirmed that EBV BHRF1 miRNA cluster promoted B cell transformation. They found that B cells infected with the virus lacking the BHRF1 miRNAs underwent more serious apoptosis and grew more slowly than cells infected with an intact virus. Moreover, the effect of BHRF1 miRNA cluster on cell proliferation was partly mediated by the viral protein BHRF1. At the early phase of EBV infection, BHRF1 miRNAs promoted cell division by stimulating BHRF1 transcription and lowering PTEN expression. During the late infection stage, these miRNAs induced the cleavage of primary BHRF1 transcripts to reduce BHRF1 expression and indirectly elevated p27 expression. This regulation resulted in a decreased propensity to neoplastic cell transformation. Reportedly, EBNA leader protein (EBNA-LP) was essential for B cell transformation. 111 It was assumed that BHRF1 miRNAs could modulate EBNA-LP expression to a level optimum for B cell transformation. 112 Surprisingly, a recent study indicated that the inhibition of BHRF1 miRNAs enhanced the adhesion and growth of EBV-infected B cells. 113 EBV BHRF1 miRNAs may play dual roles in expansion and transformation of infected B cells. EBV has evolved its own miRNAs to modulate its well-known transforming capacity.
During transformation, epithelial cancer cells can acquire the mesenchymal phenotype via a process defined as epithelial-mesenchymal transition (EMT). 114 EMT is associated with tumor invasion, dissem-ination, and metastasis. 115, 116 EMT acts as a key driver of tumor malignancy. Intriguingly, EBV miRNAs are able to regulate the EMT process in cancer cells (Figure 2 ). miR-BART9 could suppress the expression of E-cadherin, thus promoting the EMT process in EBVaGC cells. 64 Moreover, miR-BART9 negatively regulated the expression of the EMT-related miRNA, miR-200a. 117 As expected, miR-BART9 played a crucial role in NPC invasion and migration by targeting E-cadherin. 118 Therefore, miR-BART9 serves as a prometastatic miRNA contributing to the aggressiveness of EBV-associated epithelial tumors. miR-BART10-3p elevated the expression of the EMT markers b-catenin and Snail by targeting BTRC gene that encoded b-TrCP. 82 miR-BART1 was able to drive the EMT program in NPC cells by activating PTEN-dependent pathways. 119 The BART miRNA cluster 2 was responsible for the downregulation of N-myc downstream regulated gene 1 (NDRG1), an epithelial differentiation marker and inhibitor of tumor metastasis. 120 miR-BART20-5p enhanced the invasion of invasive NNKTL cells by inhibiting T-bet translation and repressing p53 expression. 121 On the contrary, some EBV miRNAs negatively modulate the EMT program in cancer cells. For instance, miR-BART6-3p suppressed the migration and invasion of NPC and GC cells by reversing the EMT process. 122 The long ncRNA (lncRNA), LOC553103, might mediate the antimigratory effects of miR-BART6-3p on cancer cells.
In summary, EBV miRNAs are widely involved in cell transformation, EMT, invasiveness, and migration of EBV-associated malignancies. These studies shed light on novel mechanisms adopted by the virus to facilitate cell malignant transformation. EBV miRNAs may act synergistically or antagonistically to influence the progression of EBV-associated malignances. However, it is unclear how the virus controls the dynamic balance between the promotive and inhibitory effects of its miRNAs on cancer cell invasion. Therefore, the function of EBV miRNAs in cell transformation and malignancy needs to be investigated in larger detail.
EBV miRNAs Contribute to Immune Escape
In addition to affecting the behaviors of cancer cells, EBV miRNAs can manipulate the host immune system. TGF-b is a potent immunosuppressive cytokine that modulates host immune responses to EBV infection by inhibiting the proliferation of activated B lymphocytes and preventing viral latency. 123, 124 Multiple components of the TGF-b signaling pathway, including SMAD3, CREB-binding protein (CREBBP), FOS, and JUN, were confirmed to be inhibited by EBV BHRF1 miRNAs. 125 A specific cluster of BART miRNAs (miR-BART2, miR-BART4, miR-BART5, miR-BART18, and miR-BART22) might exert their destructive activity via induction of cytokines that blocked the immune responses during EBV-induced carcinogenesis. 126 miR-BART16 blocked IFN-a-mediated antiproliferative function in BL cells by lowering the expression of CREBBP. 127 The IL-1 signaling performs a significant role in inflammation and early activation of innate immune responses against viral infection. 128,129 miR-BHRF1-2-5p directly targeted IL-1 receptor 1 (IL-1R1), which disrupted cellular responsiveness to IL-1 stimulation and blocked cytokine expression within infected cells. 130 miR-BHRF1-2-5p might attenuate excessive inflammation that could be detrimental to virus-infected cells, and thus facilitated cell survival for long-term viral persistence. miR-BART6-3p directly targeted IL-6R and dampened the host immune response, thus favoring virus-induced lymphomagenesis. 87, 131 miR-BART3 lowered the expression of IL-6 by targeting importin 7 (IPO7). 91 miR-BHRF1-3 enabled AIDS-related DLBCL cells to evade host immune surveillance by targeting C-X-C motif chemokine ligand 11 (CXCL-11). 68 These findings suggest that EBV miRNAs have a broad impact on host cytokine signaling.
EBV miRNAs can govern the innate immune responses. Retinoic acid-inducible gene-I (RIG-I) functions as a pattern recognition receptor (PRR) to sense viral nucleic acids, thus playing an important role in initiating host innate immune response against viral infection. 132 miR-BART6-3p inhibited EBV infection-triggered RIG-I-like receptor signaling and the type I interferon (IFN) response, favoring EBV infection and pathogenesis. 133 NK cells can produce the prominent cytotoxic cytokine IFN-g to inhibit viral proliferation and tumor growth. 134, 135 NK cell-secreted IFN-g activates the IFN-g receptor to induce the phosphorylation of signal transducer and activator of transcription 1 (STAT1). 136 miR-BART20-5p directly targeted IFN-g, and miR-BART8 downregulated STAT1 in nasal NK cell lymphoma (NNL). 137 BART miRNA-mediated inhibition of the IFN-g/STAT1 pathway led to secondary suppression of TP53. In summary, miR-BART20-5p and miR-BART8 promoted NNL progression by targeting the IFN-g/STAT1 pathway. Major his-tocompatibility complex (MHC) class I chain-related molecule B (MICB) is a stress-induced NK cell ligand and would be upregulated at the cell surface in the case of viral infection or tumor transformation. 138 EBV miR-BART2-5p reduced the protein level of MICB, thus permitting infected cells to escape from immune recognition and NK cell-mediated killing. 139 NF-kB could enhance the expression of BART miRNAs in NPC cells by inducing the BART promoters. 72 The viral LMP1 could upregulate BART miRNAs by activating the NF-kB signaling. miR-BART5-5p in turn decreased the expression of LMP1. It was likely that deregulated NF-kB signaling and aberrant expression of BART miRNAs constituted an auto-modulatory loop for the maintenance of EBV latency and NPC progression. miR-BART15 was reported to limit inflammation by directly targeting NLR family pyrin domain-containing 3 (NLRP3). 140 EBV miRNAs inhibit T cell responses to impair the host immune surveillance. EBV miRNAs can block CD4 + T cell response in infected B cells. 141 miR-BART1, miR-BART2, and miR-BHRF1-2 reduced the release of IL-12 from infected cells and prevented the differentiation of T helper type 1 (Th1) cells. These miRNAs also attenuated the expression of IFN-g-inducible protein 30 (IFI30), legumain (LGMN), and cathepsin B (CTSB), all of which are lysosomal enzymes implicated in MHC class II peptide processing. 142 miR-BART3 and miR-BART16 were identified as viral miRNA inhibitors of LMP1 to suppress surface expression of adhesion molecules and immune co-receptors. Collectively, EBV miRNAs could inhibit MHC class II-mediated antigen processing and presentation, thus repressing the activation of CD4 + T cell response. On the other hand, EBV miRNAs abrogated CD8 + T cell response. For instance, miR-BART17 and miR-BHRF1-3 markedly inhibited the expression of transporter associated with antigen processing 2 (TAP2), which was involved in loading antigenic peptides onto MHC class I molecules. 143, 144 In addition, EBV miRNAs could inhibit the expression of TAP1, the major MHC class I molecule, and EBNA1, a target of EBV-specific CD8 + T cells. LMP2A is a potent immunogenic antigen that can be recognized by cytotoxic T cells. 145 miR-BART22 allowed infected cells to evade host immune surveillance and facilitated NPC tumorigenesis by targeting LMP2A. 146 EBV miRNAs inhibit T cellmediated immunity to promote immune evasion.
Undoubtedly, EBV miRNAs are critical regulators in the virus-host interaction. EBV miRNAs play a vital role in immune evasion by promoting the survival of infected cells and suppressing host immune responses. Nevertheless, identifying the targets of EBV miRNAs is only an initial step in understanding their function. The genuine impact of EBV miRNAs on the host immune system remains to be further validated. More studies are needed to comprehensively elucidate how EBV miRNAs function in immune evasion.
Extracellular Vesicle-Shuttled EBV miRNAs Play an Important Role in Cancer Pathogenesis
Extracellular vesicles (EVs) including exosomes can transfer nucleic acids and proteins among cells to govern multiple cellular processes. 147 EBV infection can alter the nucleic acid cargo of EVs released from infected cells. The virus manages to load its own sets of miRNAs into EVs. 148 EBV BART miRNAs could be secreted via EVs by LCLs and NPC cells. 148, 149 Of note, BART1-5p, BART5, BART7-3p, BART12, and BART13 could be found in the circulating EVs from NPC patients. 150 In recent years, the contributions of EV-carried EBV miRNAs to cancer pathogenesis have been studied. EBV miRNAs in EVs favor viral immune escape and provide a favorable microenvironment for the progression of EBV-associated malignancies by being transmitted to nearby immune cells. For example, EBV BHRF1 miRNAs could be transferred from infected B cells to T cells via EVs, thus leading to the suppression of target gene expression in recipient cells. 151 EBV miR-BART15-3p was secreted by infected GC cells via exosomes and induced the apoptosis of recipient immune cells by targeting BRUCE. 98 It will be intriguing to investigate how EBV miRNAs are incorporated into EVs. The mechanism behind the uptake of EVs by host cells remains unclear. Reportedly, exosomes derived from EBV-infected cells were internalized by recipient cells via caveola-dependent endocytosis. 152 It is likely that receptor-mediated pathways may participate in the internalization of EBV-associated EVs. Additional studies are necessary to elucidate the EV internalization pathway. EBV miRNAs can regulate a wide variety of cellular targets and signaling pathways that are associated with carcinogenesis and cancer progression. Thus, EBV miRNAs delivered by EVs may control similar targets or signaling cascades in recipient cells. The EV-mediated intercellular cross-talk between EBV-positive tumor cells and immune cells merits further investigation.
EBV miRNAs could be transported from tumor cells to the bloodstream. 150 EV-encapsulated EBV miRNAs possess various requisite characteristics of ideal biomarkers. Because of the wide existence of EVs in body fluids, these miRNAs are easily accessible. EBV miRNAs incorporated into EVs can be protected from ribonuclease degradation and stay stable in body fluids. Circulating EBV miRNAs could offer a variety of information about tumor progression and stage. 153 Despite the great potential of circulating EBV miRNAs as cancer biomarkers, this field is still in its early stages. The abundance and clinical value of circulating EBV miRNAs in cancer patients deserve profound exploration. The age and physiological state of cancer patients, as well as medical intervention, may affect the expression profile of circulating EBV miRNAs. Thus, the kinetics of circulating viral miRNAs should be comprehensively monitored to correct for these alterations in future studies. Collectively, well-designed clinical studies with larger cohorts are urgently needed to support the clinical utility of circulating EBV miRNAs. It is expected that further studies on EV-shuttled EBV miRNAs will contribute to the development of better diagnostic or prognostic biomarkers for EBV-associated malignancies.
EBV miRNAs Serve as Potential Biomarkers in EBV-Associated Malignancies
EBV-related antibodies have been widely utilized as diagnostic markers for EBV-associated tumors. 154 Nevertheless, it is still urgently needed to develop novel biomarkers for the early detection of EBV-associated tumors owing to the low positive predictive rate of EBVrelated antibodies. Because BART miRNAs display high abundance in tumor cells, they hold great promise as novel biomarkers for early diagnosis of EBV-associated malignancies. A total of 12 BART miRNAs (miR-BART1-3p, 2-5p, 5, 6-3p, 6-5p, 7, 8, 9, 14, 17-5p, 18-5p, and 19-3p) were validated to be upregulated in NPC tissues versus their non-tumorous biopsies. 155 Moreover, the abundance of these miRNAs in the sera of NPC patients was positively associated with their copy numbers in tumor cells. More detailed studies are warranted to elaborately assess the diagnostic value of EBV BART miRNAs in NPC. Another study showed that miR-BART3, miR-BART7, and miR-BART13 were highly expressed in EBV-positive NPC. 156 miR-BART7 and miR-BART13 could distinguish NPC patients from healthy controls with high specificity and accuracy. These two miRNAs might represent effective serological biomarkers for NPC diagnosis and prognosis. Zheng et al. 157 found that miR-BART1-5p displayed remarkably higher expression in NPC tissues than in controls. Specifically, the expression level of miR-BART1-5p was reflective of NPC progression. Detection of miR-BART1-5p was effective for diagnosing NPC at an early stage, even in cases that were misdiagnosed as negative based on conventional detection methods. miR-BART2-5p was found to be able to discriminate NPC patients from healthy controls. 158 In addition, the high level of circulating miR-BART2-5p was correlated with tumor progression and poor prognosis in NNKTL patients. 153 Therefore, miR-BART2-5p may be a promising biomarker for different types of EBV-associated tumor. Additional investigations are required to verify the clinical value of miR-BART2-5p in EBV-associated malignancies.
The expression levels of miR-BART1-5p, miR-BART4-5p, and miR-BART20-5p were remarkably higher in EBVaGC tumor tissues than those in paired normal tissues. 159 Moreover, miR-BART20-5p upregulation was correlated with worse recurrence-free survival of EBVaGC patients. Therefore, miR-BART20-5p had the potential to be used as a biomarker for predicting recurrence-free survival in EBVaGC patients. Although a large number of studies have demonstrated the diagnostic value of EBV miRNAs in several cancers, EBV miRNAs have yet to be utilized as biomarkers for the clinical detection of EBV-associated malignancies. The major challenges in the clinical translation of EBV miRNAs are identifying specific or common viral miRNAs that could be utilized as authentic biomarkers for different types of cancer. Therefore, the clinical significance of EBV miRNAs in cancer awaits further verification. Large-scale clinical studies are demanded to impel their translational application. Moreover, it is necessary to develop standardized methods for the isolation and quantification of EBV miRNAs in cancer patients. In addition, combined detection of circulating EBV miRNAs and conventional biomarkers may be a promising approach for the diagnosis and prognosis of EBV-associated malignancies.
Strategies for EBV miRNA-Based Therapeutics in EBV-Associated Malignancies EBV BART miRNAs are abundantly expressed in EBV-associated epithelial tumors and have been found to target multiple genes of both viral and cellular origins. 96, 146, 159 Thus, BART miRNAs are tightly associated with the carcinogenesis and progression of EBVassociated epithelial tumors. Blocking the activity of BART miRNAs may specifically suppress the development of EBV-associated epithelial tumors. Currently, miRNA-targeting therapeutics is being developed. For example, the miRNA sponges, using EBV promoters such as EBER2 promoter, were reported to effectively silence specific genes in EBV-infected cells and might be useful in the targeting of EBV-positive NPC cells. 160 The anti-miRNA oligonucleotides can be used to target EBV miRNAs. EBV miR-BART7-3p was highly expressed in NPC and promoted tumor growth in animal models. 83 A therapeutic experiment by using gold nanoparticles carrying anti-EBV-miR-BART7-3p was conducted to evaluate the therapeutic efficacy of anti-EBV-miR-BART7-3p in vivo. The result showed that depletion of miR-BART7-3p inhibited in vivo growth of EBV-positive NPC cells, demonstrating the feasibility of utilizing nanoparticles to deliver therapeutic anti-miRNAs and silence endogenous viral miRNAs. EBV miR-BART7-3p might present a novel target for miRNA-based therapies. Thus, the miRNA-sponge or anti-miRNA oligonucleotide therapeutics may be suitable for targeting individual viral miRNA whose expression greatly contributes to the carcinogenesis of EBV-associated tumors. Although miRNA-based therapeutics is still in its infancy, these studies are encouraging and provide a direction for developing new therapeutic strategies for EBVassociated malignancies.
Concluding Remarks and Future Perspectives
EBV-encoded miRNAs play an important role in the onset and progression of virus-associated malignancies by manipulating target gene expression. Accumulating evidence shows that EBV miRNAs exert a significant influence on cell proliferation and apoptosis, EMT, tumor invasion and metastasis, and immune escape (Figure 3 ). Although the targets and functional roles of EBV miRNAs have been disclosed, the detailed mechanisms of EBV miRNAs in carcinogenesis remain unclear. A single EBV miRNA can synchronously regulate diverse target genes, suggesting that complicated EBV miRNA-target gene-regulatory networks may exist during viral infection and pathogenesis. Comprehensive computational prediction together with experimental verification is essential to characterize the full targetome of EBV miRNAs, which will help to uncover the entire regulatory network underlying EBV-driven carcinogenesis. The oncogenes and tumor suppressor genes may be targeted by an identical viral miRNA. Therefore, the complex causative relationship between EBV miRNAs and carcinogenesis needs to be further studied. Collectively, increasing knowledge of the pivotal role of EBV miRNAs in cancer pathogenesis will provide a more detailed view of their contributions in EBV-driven malignancies and facilitate the identification of novel therapeutic targets for the clinical intervention of EBV-associated malignancies.
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